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Tests were conducted with a 0.5 hub/tip ratio compressor stage com-
prising a variable camber inlet guide vane, rotor, and an adjustable
trailing edge stator to determine the extent that these variable geometry
features can be applied to extend the stable operating range of axial
flow compressors. The stage was designed for zero prewhirl at design
equivalent rotor speed (SLTO conditions) and 35- to 20-degree (hub/tip)
prewhirl at 70%
 of design rotor speed (high Mach number cruise conditions).
The design performance goals for the SLTO and cruise configurations were
met. Comparing the two configurations, the cruise configuration permitted
stable operation and good efficiency at lower flow for a given rotor speed
than the SLTO configuration.
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SUMMARY
An experimental investigation was conducted to determine the extent that
a variable camber inlet guide vane and an adjustable trailing edge geom-
etry stator can increase the stable operating range of a low hub/tip ratio
compressor stage.	 For this investigation a 0.5 hub/tip ratio single-stage
compressor, resembling the front stage of a typical high cruise flight Mach
number compressor, was used. 	 The stage was designed for zero prewhirl at
design equivalent rotor speed (SLTO conditions) and 35- to 20-degree
(hub/tip) prewhirl at 70% of design rotor speed (high Mach number cruise
conditions).
	
The design rotor tip relative Mach number was 1.15 for the
SLTO configuration and the design stage pressure ratio and efficiency
were 1.32 and 85.1% respectively.
The SLTO configuration was tested over a range of rotor speeds from
50 to 110 percent of design equivalent rotor speed and the cruise config-
uration was tested from 50 to 100 percent of design equivalent rotor
speed.	 At SLTO design operating conditions, the SLTO configuration achieved
1.39	 90%,	 Ata pressure ratio and efficiency of	 and	 respectively.	 cruise
rotor speed, the cruise configuration permitted stall free operation at
lower flows than those possible with the SLTO configuration.
	
The efficiency
of the cruise configuration at cruise rotor speed and flow conditions was
89.8% compared with an efficiency of 80.5% for the SLTO configuration.	 Thus,
the variable geometry features of the inlet guide vane and stator provided












As cruise	 number	 theMach	 increases, supersonic cruise operating
point of fixed-geometry front stages in turbojet engine compressors
tends to approach the stall V ne. 	 This results from the flow limitation
1
in the compressor rear stages at cruise rotor speed and pressure ratio
conditions. This imposes a reduction in compressor inlet flow and -t
axial velocity below that for which the front stages are designed to
^.
operate efficiently. When the reduction in axial velocity becomes pro-
portionally greater than the reduction in blade tip velocity, rotor
incidence angle increases above the sea level take-off (SLTO) design
value. If the increase in incidence angle is sufficiently large, the
front stages may be subject to stall. Front-stage stall can lead to
reduced compressor performance and possibly to compressor surge. One
approach to this problem is to provide mechanical. adjustment of the
guide vane and stator leading and/or trailing edge metal angles. Mechan-
ical adjustment of these angles would permit selection of the proper stage
velocity triangles over the required operating range.
An experimental investigation was conducted, using a single stage
compressor, to evaluate the extent that variable geometry concepts can
be applied to increase the stable operating range of a compressor front
stage. A variable-camber inlet guide vane, a rotor, and two variable
geometry stator configurations were designed, fabricated, and tested 	 .
over a range of equivalent rotor speeds from 50 to 110% of the design
rotor speed. The stage was designed with zero-degree rotor prewhirl at
design equivalent rotor speed (SLTO conditions) and 35- to 20-degree
(hub/tip) prewhirl at 70% speed (high Mach number cruise conditions). The
t
SLTO design point equivalent rotor speed and flow were 6050 rpm and 265
lb/sec respectively. Cruise design point equivalent rotor speed and flow
were 4235 rpm and 143 lb/sec, respectively.
The variable-camber guide vanes had modified 63 series airfoil
sections and were configured with a fixed leading edge segment and two
articulated flap segments. The rotor, designed with circular arc air-
foils, had a tip inlet relative Mach number of 1.15. The stator config-
urations had 65 series airfoil sections and were designed to turn the
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the cruise configuration, the stator camber was reduced to provide a
hypothetica
	 Acond stage rotor prewhirl distribution of approximately
30- to 25-degree (hub/tip) at the cruise operating point. One stator
design had a fixed-geometry leading edge and an adjustable trailing
edge (Stator A), and the other stator design had adjustable leading and
trailing edge geometry (Stator B).
Details of the experimental stage aerodynamic and mechanical design
are presented in Reference 1. The results of an annular cascade test
i
program for the preliminary evaluation of candidate variable geometry
designs are presented in Reference 2. This report presents the data
and performance obtained with the variable-camber guide vane, rotor,




The compressor test facility is shown in figure 1. The compressor
rotor is driven by a single-stage free turbine that is powered by exhaust
gases from a J75 slave engine. Drive turbine speed is controlled by
means of the engine throttle. Air enters the compressor test section
through a 103-ft combined inlet duct, plenum, and bellmouth inlet. Air
is exhausted through an exit diffuser to the atmosphere. A 7-degree
diffuser at the plenum inlet and 10:1 bellmouth contraction ratio ensured
uniform flow conditions at the compressor inlet.
Compressor Test Rig
The compressor rig, shown in figure 2, comprises a bellmouth inlet
section, a test section, and an exhaust section. The rotor assembly and
shaft are supported on two bearings that transmit loads to the outer
ease through the stationary leading edge segments of the variable-
geometry inlet guide vanes and the struts in the exhaust case. A set
of motor-driven throttle vanes is located in the exhaust case to vary
flow rate. A sectional view of the flow path is shown in figure 3.
The inlet guide vane station is preceded by a flow straightening section
approximately 10-inches long. The inner flow path wall converges from
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25.60 inches at the stator exit. The outer wall diameter converges
slightly from 43.20 to 42.10 inches. The hub/tip ratio at the rotor
leading edge is 0.492. In general, the flow path is designed to resemble
the front stage environment of a state-of-the-art high cruise Mach number
compressor. The blade rows were spaced to permit the installation of
instrumentation.
The nominal rotor tip clearance measured during rig assembly was 0.028
inch, which resulted in essentially zero running tip clearance. A sprayed
aluminum shroud was utilized to prevent damage to the rotor blade tips if
the blades rubbed the shroud during operation near or in stall. Inspection
of thr,; rig after the test program revealed that the tip clearance had
increased to approximately 0.080 inch near the leading edge and 0.036




Inlet Guide Vane	 s4
The variable-camber inlet guide vane was designed to provide axial
	 }
inlet flow (zero swirl) in the SLTO configuration and 35- to 20-degree
(hub/tip) swirl distribution in the cruise configuration. Slightly
modified 63 series airfoil sections were used. The basic camber was
selected to provide approximately two-thirds of the anticipated air
turning requirement at the cruise operating point. The SLTO and cruise
	 4
positions were achieved by actuating two articulated flap segments in
the appropriate direction to reduce or increase camber angle from the
	
r
basic design camber angle. A photograph of the variable-camber guide
vane is shown in figure 4. Guide vane geometry details are summarized
in table 1. Symbols are defined in Appendix A. Additional design
information is presented in Reference 1.
Rotor
The rotor had 34 blades designed with circular-arc airfoil sections.
The design point inlet relative Mach number at the tip was 1.15 and the
design diffusion factor nominally 0.40.	 Blade chord length and
solidity were representative state-of-the-art values for a high cruise
Mach number front stage.	 A part span shroud was provided at 40 percent
4
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span from the tip to reduce blade resonance stress to safe limits.
[rotor geometry details are summarized in table 2 and additional rotor
design information is contained in Reference 1.
Stator
The variable geometry Stator A configuration, designed with 65 series
airfoil sections, comprised a fixed forward segment with a flap hinged
at approximately 40% chord. At the SLTO design point, midspan values
of stator inlet Mach number and diffusion factor were 0.56 and 0.33,
respectively. The stator equivalent camber at midspan was 42.2 degrees
and the trailing edge metal angle was increased approximately 26 degrees
(in a direction to unload the airfoil) for operation at cruise conditions.
The design details for Stator A are summarized in table 3. In the cruise
configuration, Stator A operated at relatively high incidence angles
(im) because of the Stator A fixed-geometry leading edge. The pre-
scribed minimum loss incidence angles for a conventional ait•foil,
designed for the same air-turning distribution, are indicated in paren-
theses.
Additional stator design information is presented in Reference 1.
A photograph of Stator A is presented in figure 4.
Instrumentation
Instrumentation was provided to obtain overall and blade element
performance data for each blade row. Axial locations of instrumentation
stations are indicated in figure 2 and the circumferential locations of
instrumentation at axial stations 1, 2, and 2a are shown in figures 5
through 7, respectively.
Airflow was measured with an ASME standard thin-plate orifice located
in the inlet duct shown in figure 1. Inlet total pressure and temperature
was measured in the plenum by means of three Kiel-type total pressure
probes and six half-shielded total temperature probes. Four equally
spaced static pressure taps were located on both the inner and outer
wall at Station 0. The static pressure measurements at this station
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Air angle was measured by 20-degree wedge traverse probes. These
probes were located circumferentially behind the inlet guide vane and
stator to isolate the probes from vane wakes. The 20-degree wedge
traverse probe shown in figure 8 includes a total pressure tube for
total pressure measurement.
Total pressure measurement behind the guide vane and stator was accom-
dished b two stationary wake robes at each station. One wakeP	 Y	 Y	 robeP	 P
had three sets of 14-tube rakes at 10, 50, and 90% span locations and
the other wake probe had two sets of 14-tube rakes at 30 and 70% span
locations. The rake heads were aligned with the air stream within
approximately ±5 degrees for both SLTO aad cruise configuration oper-
ation. The acceptance yaw angle of the rake tubes was ±10 degrees
for a pressure accuracy within ±1% of P-p. The wake probe was trans-
lated circumferentially to keep the wake centered on the rakes when the
guide vane and stator flaps were in the cruise position. A typical
wakeP robe rake is shown in figure 9. The 20-degree wedge traverse
probes used for air angle measurement behind the guide vane and stator
also measured total pressure to provide a check on the mid-channel total
pressures obtained with the wake probes. Total pressures behind the
rotor were measured with the two 20-degree wedge traverse probes and
two radial rakes with Kiel-type probes mounted at 10, 30, 50, 70, and
90% span. The traverse probes and radial rakes were spaced to approx-
imately average the circumferential total pressure profile generated by
the inlet guide vanes. Total temperatures were measured behind the
stator using Kiel-type probes mounted on four radial rakes. The
..	 temperature rakes were spaced approximately 90-degrees apart and were
located with respect to each other at 0, 1/4, 1/2, and 3/4 of a guide
vane gap. Total pressure and temperature rakes are shown in figure 10.
Radial distributions of static pressures behind the guide vane,
rotor, and stator were measured by 8-degree wedge traverse probes,
such as that shown in figure 11. Four approximately equally spaced
static pressure taps were provided on the inner and outer walls behind
the guide vane and stator. Four taps were located on the inner wall
and 12 taps were located on the outer wall behind the rotor. The eight
9
additional outer wall taps behind the rotor were spaced across one
equivalent guide vane gap (18-degree arc) to determine the circumferential
static pressure variation associated with guide vane wakes.
Three Kistler high-response pressure transducers were installed
approximately 30 and 60 degrees apart at 10 percent span behind the
rotor to measure the number, size, and rotational speed of rotating
stall zones.
Rotor blades and stator vanes were instrumented with strain gages
to measure torsional and bending stresses.
Rotor speed was measured with an electromagnetic sensor mounted
adjacent to a 60-tooth gear on the rotor shaft. Gear-tooth passing
frequency was displayed as rpm on an Anadex digital counter.
Steady-state pressure measurements were recorded on a Scanni-valve
multichannel pressure transducer system. Traverse probe data (total
and static pressures, air angle, and radial position) were recorded on
magnetic tape at the rate of 60 samples (20-inch probe travel) per
minute. Temperatures were indicated on precision potentiometers and
manually recorded.
Orifice static pressure, bellmouth static 7ressure, plenum pressure,
and representative stage exit pressure instrumentation were close-coupled
to transducers for high-response transient recording of flow and pressure
ratio during operation into and out of stall. Similar instrumentation
was conriected to manometers in the control room to permit setting the
desired steady-state pressure ratio and flow conditions.
PROCEDURES
Test Procedure
Overall and blade element performance data were obtained at the sea
level take-off and cruise positions of the variable camber inlet guide
vane and variable geometry Stator A. In the sea level take-off position
(zero prewhirl), data were obtained at 50, 70, 80, 100 and 110 percent
of design equivalent rotor speed. In the cruise position (35- to 20-
degree hub/tip prewhirl), data were obtained at 50, 70, 80, and 100
percent of design rotor speed. For each geometry setting, data were
10
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recorded at approximately six pressure-ratio and flow conditions on each
speed line. Data points were distributed from maximum flow to near stall.
For the sea level take-off configuration, data points near stall at 100
and 110% of design rotor speed were obtained with a reduced inlet pressure
(approximately 11 psia) because of the test stand horsepower limit.
For each data point, the fixed pressure and temperature instrumentation
data were recorded with the traverse probes withdrawn. The traverse
probes were subsequently immersed in the air stream and data was recorded
as the probes were traversed from the inner to the outer wall.
Orifice and bellmouth static pressures, exit total pressure, and
rotor speed were recorded on magnetic tape at the rate of 600 samples
per minute as the compressor was operated into and out of stall at each
of the test rotor speeds. Kistler transducer data were also recorded
during the excursions into stall to define the rotating stall patterns.
Time correlation between the Kistler and stall transient pressure
recordings permitted correlation of the Kistler and stall transient data.
Data Reduction Procedure
Data reduction was accomplished in four steps. Initially, the raw
data compiled on magnetic tape and IBM cards was converted to engineer-
ing units which were subsequently recompiled on a storage tape and
tabulated for preliminary inspection. The second data reduction step
accomplished the following:
1. Mach number corrections, as required, for traverse probe data.
2. Correction of ►pressure and temperature data to NASA Standard
Day conditions.
3. Mass averages of guide vane and stator wake pressures (these
were subsequently performed in a separate computer program).
4. Calculation of corrected flow.
5. Calculation of radial distribution of flow parameter (for radial
mass flow averaging of total pressures in subsequent procedure).
6. Circumferential arithmetic averages of fixed and traverse
instrumentation data.
11
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The results of the second data reduction step were printed to permit
a more detailed inspection of the data so that apparent inconsistencies
could be eliminated prior to the calculation of performance and vector
diagram variables.
Pressure ratios were calculated for the rotor, guide vane-rotor, and
the entire stage. Stage inlet total pressure was corrected to the NASA
Standard Day conditions, 14.69 psis. The exit total pressures for the
guide vane, rotor, and stator were weighted according to local mass flow
to obtain the average values. The guide vane and stator wake total pres-
sures at each radial measuring station were mass averaged using the local
total pressures in the wake and the 8-degree wedge probe static pressure
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where T is the measured total temperature and A is the flow area associated
with each total pressure tube. With the radial distribution of total pres-
sure and mass flux calculated, the total pressures were mass averaged in
the radial direction. Behind the rotor, the total pressures obtained with
the two 20 -degree wedge probes were arithmetically averaged. The resulting
radial distribution was mass flow averaged using the 8-degree wedge probe
static pressure and stator exit radial temperature distribution to define
weight flow.
Performance and vector diagram calculations were performed two ways.
The first method used the measured static pressure distributions to define
the velocity distributions at each axial station. The second method, a
streamline analysis, calculated a static pressure distribution that sat-
sified radial equilibrium and continuity. For the streamline analysis 	 {
calculation, adjustments could be made to an input boundary layer dis-
placement factor to achieve agreement between the calculated and 'measured
static pressure.
The streamline analysis computer program was used to permit translation
of the velocity diagram data from instrumentation axial stations to the







rav'^F{t^{^(3^'i^z'" ^,w,Sc.^ 'sfe^v^ ^ x .+ sy ^,r x"f .7t tc jS Y. :.'' i J c r *' S	 °
r-
„r. .,.; h	 _, _.x ^ ^. , ^ P •^'r ...^ .a;aS1 ..	 ^r 4^^^ .E^ a^ :^	 ^'^^,^ _ 1 ..,-:,. , , . _,'a^ a ^4^^^^^ i,^^^.h^. 3.. ^ s.^	 '-' ^^r^.» . .,_.^ ^ ._.
^.	 , ,	 _..	 ^,^ _ ^.	 . ^	 ..	 ^ ^- ^^	 ^..^ ..	
^,^, ,.yam,, _ ^_ ^,...,..^, 	 ^•^-mow w^
i
comparison with the design velocity diagram results (Reference 1). The
translation was performed with the assumption of isentropic flow and
constant angular momentum along design stream annuli. The centers of
the design stream annuli intersected each blade row leading edge at the
10, 30, 50, 70, and 90% span positions from the tip.
The velocity diagram data presented herein were calculated using the
streamline analysis computer program and correspond to the leading and
trailing edges of the rotor and stator blade rows identified by the
dashed lines in figure 3. Loss coefficient calculations for the guide
vane and stator were performed in a separate computer program to permit
use of the wake freestream total pressure as the upstream pressure and
to permit the elimination of certain rake tube pressures that were
apparently faulty and affected the credibility of the calculated loss
coefficient.
Rotor overall performance and loss coefficients were based on the
inlet total pressures that resulted from integration of the as-measured
guide vane wake pressures. The discrepancies in guide vane wake pres-
sures that influenced guide vane loss coefficients had a negligible
effect on the calculated rotor loss. The rotor loss coefficients were
based on the measured static pressure rather than the calculated static
pressure. Measured static pressure was used because of the sensitivity
of the calculated rotor blade relative total pressure to static pressure
and because the calculated static pressure differed slightly from the
measured values for test points near stall and maximum flow. Consequently,
the loss coefficient data for the three blade rows correspond to the
measuring stations ahead and behind each blade row (along the aforemen-




Overall performance data are presented in terms of pressure ratio
and adiabatic efficiency as functions of corrected weight flow (W V716),
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Overall performance is also summarized in terms of pressure coefficient
(J) as a function of flow coefficient (m). Definitions of calculated
performance variables and symbols are presented in Appendix A.
Pressure ratio and efficiency for the rotor, guide vane-rotor, and
guide vane-rotor-Stakor A are presented in figures 12, 13, and 14, respec-
tively for the SLTO configuration and in figures 15, 16, and 17, respec-
tively for the cruise configuration. The dashed-line portion of the
speed lines in figures 14 and 17 refer to transient data and the data
point on the stall line is the incipient stall point determined from
the transient data. The corrected flows and pressure ratios for steady-
state data points are tabulated in table B-1. The near stall data point
at 110% design rotor speed for the rotor and guide vane-rotor (figures
12 and 13, respectively) was omitted because the transducer for guide
vane exit pressure measurement was overscaled during the test. The
near-stall point pressure ratio and efficiency for the stage are included
in figure 14. Efficiency contours are presented for both configurations
in figure 18. Pressure rise coefficient (J+) is presented as a function
of flow coefficient (0) for both configurations in figure 19.
Two qualifying statements must be made concerning the efficiency data
presented in figures 12, 13, 15, and 16. First, the mass average temper-
ature used in the efficiency calculations was based on the temperature
and flow distributions measured at Station 2A downstream of the stator.
Redistribution of the flow through the stator may produce a slight dif-
ference between the mass averagQ temperature behind the rotor and
the value based on stator exit conditions. This temperature difference
would be reflected in the rotor and guide vane-rotor efficiencies.
The second qualification concerns the use of measured guide vane wake
total pressure (as discussed under Data Reduction Procedure) in the
calculation of rotor pressure ratio and efficiency. Discrepancies in
rotor efficiency, resulting from observed discrepancies in the guide
vane wake profiles, are within ±1.0 percent.
Although the data in figures 12, 13, 15, and 16 are generally correct
performance levels for the rotor and guide vane-rotor combination, the
most valid assessment of stage and blade-row performance is presented in
the overall performance data in figures 14 and 17 and the detailed blade
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F	 nigure 14 i dicates that the SLTO configuration exceeded its predicted
performance. Tile predicted stage pressure ratio and efficiency were
1.32 and 85 . 1%, respectively as compared with the measured values of
1.39 and 90%. The higher measured performance is partially attributed
to the initially low running-blade-tip clearance (see section on Compressor
Test Itig, page 4) and high rotor tip loading due to slightly negative guide
*	 vane tip swirl in the SLTO position. After a few excursions through stall
at design rotor speed, the tip clearance was noticeably increased due to
abrasion of the aluminum - sprayed shroud by the blade tips. With the
c	 din rease tip clearance, the cruise configuration performance (figure 17)
was approximately as predicted. At cruise conditions, the predicted
pressure ratio and efficiency for this configuration were 1 . 13 and 90.2%,
respectively, compared with measured values of 1.146 and 89.5%. At
the cruise rotor speed and flow conditions, the SLTO configuration
efficiency (figure 14) was approximately 80.5%. As shown in figure 14,
the stall limit for the cruise configuration shows a slight improvement
over the stall limit of the SLTO configuration for equivalent rotor speeds
between 50 and 80% of design rotor speed.
The relatively high efficiencies for the SLTO configuration at SLTO
conditions and for the cruise configuration at cruise conditions are
shown in the efficiency contours in figure 18.
Inspection of the pressure-coefficient/flow-coefficient data presented
in figure 19 indicates that, at a given rotor speed, the cruise configu-
ration permitted stable compressor operation at lower flow coefficients
than obtained with the SLTO configuration. For 70% of design rotor
speed, the flow coefficient for the cruise configuration is approximately
0.4 as compared with a value of 0.45 for the SLTO configuration.
Blade Element Performance
For Sea Level Take-Off Configuration
Inlet Guide Vane
Guide vane exit air angle distributions for the SLTO configuration
operating at design equivalent rotor speed are presented in figure 20.
Comparison of the data with the design distribution indicates only a
slight variation from the zero-swirl design distribution. Relative to
15
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the design rotor incidence conditions, the swirl gradient shown in
figure 20 would impose slightly lower incidence on the rotor hub and
slightly higher incidence on the rotor tip.
Inspection of the guide vane loss coefficient results calculated by
the initial data reduction computer program indicated that ( 1) values
were unexpectedly low in the hub region for the SLTO configuration and
(2) values were high, with considerable data scatter, in the tip region
for the cruise configuration. Evaluation of the guide vane wake total
pressures indicated that one or two tubes in each rake, that should have
been reading freestream pressures, were actually reading slightly high
or low when compared to a corrected pressure of 14 . 696 psia. The in-
fluence of these erroneous readings on the integrated wake pressure was
significant. Consequently, a separate computer program was prepared to
integrate the guide vane wakes with the freestream pressures corrected.
Loss coefficient calculations for the hub, mean, and tip sections (90,
50, and 10% of spar., respectively) were performed at the 70 and 100%
design equivalent rotor speeds to obtain a representative distribution
of guide vane loss with respect to Mach number and radial position. The
results are presented in figure 21. The midspan loss coefficient value
of approximately 0.02 for Mach numbers between 0.25 and 0.55 agrees with
the annular cascade result (Reference 2) of 0.021 at an inlet Mach number
of 0.214.
Guide vane velocity diagram data for all five spanwise measuring
stations are presented in table B-2.
R=
The rotor inlet relative air angle and Mach number distributions
achieved with the variable camber guide vane in the SLTO position at
design equivalent rotor speed are shown in figure 22. The distributions
that correspond to near -design flow conditions agree closely with the
respective design distributions. The rotor diffusion factor, deviation
angle, and loss coefficient obtained at each of the five radial stations
are shown as functions of incidence angle in figures 23 through 27. The
predicted values for design incidence conditions are shown in each figure
16
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,or comparison with the data.* The predicted and measured performance
compare favorably. The relatively low loss coefficients in the hub
region (figure 27), may be attributed to (1) local influence of guide
vane wakes and/or the stator leading edge flow field on the static pressure
measurement behind the rotor, and (2) the possibility of having omitted the
influence of guide vane wakes in the total pressure average obtained
with the two 20-degree wedge probes.
Static pressure measurements, obtained behind the rotor at the outer
wall locations (figure 6), are presented as a function of equivalent
guide vane and stator blade gap in figure 28. The pressure distribution
presented in figure 28 indicates two regions of h'.gh and ,low pressure
relative to a guide vane gap and one region of high and low pressure
relative to a stator gap. The circumferential variation in static pres-
sure was considered to be primarily associated with the stator flow field
because ( 1) the measured guide vane wake at 10% span from the tip was
relatively small (figure 29) and (2) the static pressure taps at Station
2 were in close proximity to the stator leading edge (figure 3).
The static pressure value at the outer wall, obtained from extrapo-
lation of the 8 -degree wedge traverse probe static pressure data, is
shown in figure 28. The extrapolated value comparesfavorably with the
^ y
average of the wall static pressures.
Table B-2 presents additional rotor velocity diagram and blade-
element performance for other rotor speeds.
Sta tor
 Stator A inlet conditions for the SLTO configuration are shown in
figure 30. The inlet Mach number and air angle distributions for near-
design weight flow agree reasonably well with the design distributions.
* The rotor diffusion factor design points presented in figures 23
through 27 are defined by the corresponding equation in Appendix A.
This definition accounts for the effect of the streamline diameter
change across the rotor. The effect of this change was significant
in the rotor hub region. The predicted rotor diffusion factors
presented in Reference 1 3o not account for the streamline diameter
change and should not be used for comparison with the data in these
figures.
17
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Stator A diffusion factor, deviation angle, and loss coefficient are
presented as functions of incidence angle at the five spanwise locations
in figures 31 through 35. In general, the measured diffusion factors
are slightly lower than the design value and the measured deviation
angles and loss coefficients are slightly higher than the design
values.
Stator exit air angle distributions are shown in figure 36. As
indicated by the design air angle distribution, the Stator A SLTO con-
figuration was intended to turn the flow to the near-axial direction.
The experimental values for near design flow conditions were between
4 and 6 degrees above the design values across the span. At near design
flow conditions, this difference between design and experimental values
was caused by a higher deviation angle than predicted and resulted in a
high stator exit tangential velocity component. The high value of this
component lowered the diffusion factors slightly below the respective
design values presented in figures 31 through 35. Stator exit tangential
velocities for a corrected weight flow of 268.8 lb/sec are compared in
table 4 with the design values for the design flow of 265 lb/sec.
Table 4. Comparisons of Stator Exit Tangential Velocities












The swirl distribution achieved with the variable camber inlet
guide vane in the cruise configuration at cruise rotor speed (707. of
18
design equivalent rotor speed) is compared with the cruise design dis-
tribution in figure 37.
	
The guide vane exit air angle is about 2 degrees
low between 20 and 70% span and approximately 5 degrees below the design
swirl angle in the hub and tip regions.
Guide vane loss coefficient for the hub, mean, and tip sections are
presented in figure 38.
	 The method used to integrate the cruise config-
uration guide vane wakes was the same as that described previously for
G
the SLTO configuration guide vane wakes.
	 For a swirl angle of 26 degrees
(figure 37), the average midspan value of loss coefficient presented in
figure 38 is 0.025 as compared with a value of 0.0167 for the 30
-degree
swirl guide vane (Reference 2).	 The higher loss of the variable camber
guide vane is attributed to the slight departure of the section geometryg	 g	 P	 S	 Y
tom a conventionally -designed fixed -camber guide vane.	 It was expected
that the variable camber vane profile loss would be slightly greeter
than that of a conventional vane. 	 Additional guide vane blade element
data for the cruise configuration is presented in table B-3.
y
Rotor
The rotor inlet relative Mach number and air angle distribution
achieved with the cruise configuration guide vane setting at cruise rotor
speed are shown in figure 39.
	 The measured Mach number. levels for maximum
flow, near-design, and stall flow conditions are slightly higher than the
jr; design Mach number level.	 The experimental values of inlet relative air an-
gle for design flow conditions compare favorably with the design distribution.
For comparative purposes, figure 39 also includes the inlet relative
air angle distribution obtained with the SLTO configuration guide vane
setting at cruise rotor speed and flow conditions.
	
This comparison
illustrates the high incidence angles that a fixed SLTO configuration
would encounter at cruise conditions.
Rotor diffusion factor, deviation angle, and loss coefficient for
cruise rotor speed conditions are presented in figures 40 through 44.
The data in figures
	
indicated
	  	  es 40 through 44 compare favorably with the i	  
design values.	 For the 70 and 90% span locations (figures 43 and 44,
respectively), the loss data show considerable scatter with several values
below zero.	 These a-pparent errors are attributed to (1) guide vane wake
19
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influence on the static pressure measurements and/or (2) improper averaging
of the guide vane-induced circumferential total pressure profile. Additional
rotor velocity diagram data are presented in table B-3.
Stator A
Stator A inlet conditions for cruise configuration and rotor speed	 !
are shown in figures 45 and 46.	 Figure 45 indicates that the data compare
excellently with the design stator inlet Mach number distribution and with
the expected range of rotor exit absolute air angle with respect to the design
air angle distribution. The droop in the air angle distributions at 10%
span from the tip, particularly for the stall point, is caused by a
fairly steep negative radial velocity gradient at the outer wall (table
B-3). The incidence distribution for the fixed-geometry leading edge
Stator A configuration at cruise operating conditions is shown in figure
46. The incidence angles at midspan are approximately 9 degrees higher
than the indicated minimum loss incidence for a conventional 65 series
airfoil section designed for the same air turning angL-_ The measured
incidence angles are similar in magnitude to those expected with the
Stator A fixed leading edge at cruise rotor speed.
Stator A diffusion factor, deviation angle, and loss coefficient for
cruise configuration and rotor speed are shown in figures 47 through 51. 	 f
Additional Stator A velocity diagram and performance data for cruise
geometry are presented in table B-3.
The predicted values of diffusion factor, deviation angle, and loss
coefficient at the cruise design point were derived for a conventional
65-series stator having the same air turning requirement as the Stator A
cruise configuration (Reference 1). These predicted values, shown for
comparative purposes in figures 47 through 51, are plotted according to
the incidence angles that correspond to cruise design point rotor exit
conditions and the Stator A fixed leading edge metal angles. As noted
previously in figure 46, the cruise design point stator incidence angles
are approximately 9 degrees larger than the minimum loss incidence for
conventional 65 series blading having the same loading. At this relE-
tively high incidence angle, it might be expected that the stator losses 	 ?'
would be high. However, inspection of the data in figures 47 through 51
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incidence angle define minimum losses that are not significantly greater
than the minimum loss values predicted for the conventional stator.
Furthermore, the diffusion factors and deviation angles at all five sp,;n
locations agree favorably with the corresponding values predicted for
the conventional airfoil. These results are illustrated in slightly
more detail using the midspan data in figure 49. The minimum-loss
incidence angle for Stator A is about 8 degrees higher than the minimum-
loss incidence of the conventional airfoil. The minimum loss coefficient
value of 0.06 is not considered prohibitively high, even though it is
twice as large as the minimum loss predicted for the conventional airfoil.
The design diffusion factor is achieved at an incidence angle of about
13.5 degrees. The minimum loss incidence angle for a conventional 65
series airfoil designed for this diffusion factor is 3.2 degrees. The
apparent influence of the Stator A cruise configuration on low-loss
incidence angle range (c."S m in + 0 . 02) is also noted in figure 49. The
cascade low - loss range for the conventional stator is approximately 15
degrees, compared with a low- loss range of 9 degrees for the Stator A
cruise configuration.
These results are attributed to the effect of the Stator A flap
position on the distribution of static pressure on the suction and
pressure surfaces. As the flap is rotated to increase the trailing edge
metal angle (decrease camber), the stator leading edge loading is pro-
ressivel decreased thus permitting low-loss operation at relativelyg	 Y	 ^	 p	 g	 p	 Y
high incidence angles. Simultaneously, the loading on the pressure
surface is increased due to the local reversal of camber angle and the
associated adverse pressure gradient in the region of the flap hinge.
As incidence angle is decreased, associated pressure surface boundary
layer growth and/or separation would lead to the development of high
loss at a higher level of incidence angle than that for the conventional
airfoil section.
The stator exit air angle distribution for the cruise configuration
is compared with- the predicted (design) distribution in figure 52. The
air angles for near-cruise design flow compare favorably (within approx-
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In general, the blade element performance results oL g ined with the
Stator A cruise configuration suggest that a variable camber stator,
with a fixed leading edge section and variable flap, can be configured
to operate with reasonably low losses over a wide range of inlet and
exit air angle combinations.
Rotating Stall
Rotating stall data were obtained as part of the stall transient
recordings at each rotor speed for the SLTO and cruise configurations.
Time correlation between the Kistler probe data (used for rotating stall
measurement) and the stall transient instrumentation permitted correlation
or the rotating stall characteristics with overall performance. The
method descrided in Appendix C was used to determine the number, size,
and rotational speed of the stall zones. The results obtained at initial
stall conditions for the SLTO configuration at 100 and 70% of design rotor
speed are presented in table 5. In general, rotating stall for all rotor
speeds was characterized by one stall zone, rotating at approximately
one-half of rotor speed and covering about one
-half of the annulus.
Table 5. Rotating Stall Results
No. of Percent Circumferential
Zones of Extent of
Rotor Speed Zones M
SLTO Configuration
Design Rotor Speed	 1 56.5 43
70% Design Rotor Speed	 1 60.5 52
Cruise Configuration
70% Design Rotor Speed	 1 45 60
A relatively severe transient into deep stall was obtained for the
SLTO configuration at 70% rotor speed. The results are presented in
figure 53.	 For the configuration and rotor speed conditions represent-
ed, the onset of rotating stall and the initial stall point, determined
from the stall transient instrumentation, were coincident.
	 As indicated
by the table in figure 53, a single zone was measured at initial stall.
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and rotated at approximately one-half of the rotor speed. The stall
zone persisted until Point 3 in the figure was reached and then disap-
peared. The stall zone reappeared at Point 4, and remained until Point 6
was reached. Comparison of the transient data, progressing into and out
j	 of stall, indicates an unstalling hysteresi. The pressure ratio at
Point 6 is significantly lower than the pressure ratio at Point 1. The
point numbers in figure 53 are shown on the transient data record in
figure 54. Figure 54 is a reproduction of stall transient pressure
and rotor speed data and Kistler rotating stall data. It is noted
that the probes for rotating stall measurement were located at 10%
span from the tip and therefore reflect only what was happening in
the tip region. Future rotating stall measurements would be more inform-
ative if they were obtained in both the hub and tip regions. Moreover,
valve positions would be useful as part of the transient data to ascertain
the exact time the valve is opening or closing.
CONCLUDING DISCUSSION
Tests were conducted with a 0.5 hub-tip ratio compressor stage com-
prising a variable camber inlet guide vane, rotor, and an adjustable
z	
trailing edge stator to determine the extent that these variable geometry
features can be applied to extend the stable operating range of axial
flow compressors. Two design configurations were evaluated (1) a design
configuration corresponding to SLTO operating conditions (100% design
equivalent rotor speed and corrected airflow of 265 lb/sec) and (2) a
configuration corresponding to supersonic cruise conditions (70% of design
equivalent rotor speed and corrected airflow of 143.3 lb/sec). Each
u'	
configuration was tested over a range of rotor speed and flow that encom-




At SLTO operating conditions, the SLTO configuration achieved a
pressure ratio and efficiency of 1.39 and 90%, respectively compared
with predicted values of 1.32 and 85.1%. At cruise rotor speed, the
cruise configuration permitted stall free operation at lower flows than
4	
those possible with the SLTO configuration. The efficiency of the .cruise
configuration at cruise rotor speed and flow conditions was 89.8% compared
with an efficiency of 80.5% for the SLTO configuration. Thus, the variable
23
geometry features of the inlet guide vane anu stator provided the blade
row matching required for efficient operation at SLTO and cruise condi-
tions.
Although the fixed leading edge variable Stator A design was initially
of some concern because it required operation at relatively high incidence
angles at cruise conditions, the test results indicated that low-loss
operation at a high level of incidence angle is possible. This result
was attributed to the influence of the stator flap position on the rela-
tive loading of the suction and pressure surfaces.
The overall and blade element performance results obtained with this
compressor stage indicate that a variable camber inlet guide vane and a
fixed leading edge-variable trailing edge stator (one moving part) can
effectively accommodate a wide range of compressor inlet operating con-
ditions.
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	Station 1, View Looking Forward	 FD 25194
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CPJ Kiel Total Pressure Probe
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For Cruise Configuration
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Figure 11. 8-Degree Wedge Probe	 FD 25200
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Figure 14. Overall Guide Vane-Rotor - Stator A
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Figure 17. Overall Guide Vane -Rotor - Stator A
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Figure 19, Stage Performance Comparison, Guide
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Figure 23. Rotor Blade Element Performance for SLTO
Configuration at 100% Design Equivalent
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Figure 24. Rotor Blade Element Performance for SLTO
Configuration at 100% Design Equivalent
Rotor Speed (30% Span from Tip)
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Figure 25. Rotor Blade Element Performance for SLTO Configuration
o	 at 100% Design Equivalent Rotor Speed (50% Span from Tip)
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Figure 26. Rotor Blade Element Performance for SLTO Configuration
at 100% Design Equivalent Rotor Speed (70% Span from Tip)
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Figure 27. Rotor Blade Element Performance for SLTO Configuration
at 100% Design Equivalent Rotor Speed
	 (90% Spat"i from Tip)
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Figure 28. Influence of Guide Vane Wake and/or Stator Leading

































Figure 29,, Guide Vane Wake at 10% Span from Tip
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Figure 30. Stator Inlet Air angle and Mach Number Distribution
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Figure 31. Stator Blade Element Performance for SLTO Configuration at








Figure 32. Stator Blade Element Performance for SLTO Configuration at
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Figure 33. Stator Blade Element Performance for SLTO Configuration at
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Figure 34. Stator Blade Element Performance for SLTO Configuration at
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Figure 35. Stator Blade Element Performance for SLTO Configuration at
1001/. Design Equivalent Rotor Speed (907/. Span from Tip)
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Figure 36. Stator Exit Air Angle vs Percent Span for SLTO
Configuration at 100% Design Equivalent Rotor Speed
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Figure'37. Guide Vane Exit Air Angle for Cruise Configuration
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Figure 39. Rotor Inlet Air Angle and Mach Number Distribution for
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Figure 40. Rotor Blade Element Performance for Cruise Configuration
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Figure 41. Rotor Blade Element Performance for Cruise Configuration
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Figure 42. Rotor Blade Element Performance for Cruise Configuration
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Figure 43. Rotor Blade Element Performance for Cruise Configuration
at 701/. Design Equivalent Rotor Speed (70% Span from Tip)
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Figure 44. Rotor Blade Element Performance for Cruise Configuration
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Figure 45. Stator Tnlet Air Angle and Mach Number Distribution for
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Figure 46. Stator Incidence Aagle Distribution for Cruise Configuration












































































































Figure 47. Stator Blade Element Performance for Cruise Configuration
at 70% Design Equivalent Rotor Speed ( 10% Span from Tip)
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Figure 48. Stator Blade Element Performance for Cruise Configuration
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Figure 49. Stator Blade Element Performance for Cruise Configuration
at 701%
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Figure 50. Stator Blade Element Performance for Cruise Configuration
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Figure 51.	 Stator Blade Element Performance for Cruise Configuration
at 707. Design Equivalent Rotor Speed (907. Span from Tip)
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AA	 Flowpath annular area, in?
a#O1	 Inlet relative stagnation velocity of sound, ft/sec
c	 Chord length, in.
CP
	Specific heat of air, 0.24 Btu/lb 0F
d	 Diameter
D	 Diffusion factor
g	 Gravitational constant, 32.2 ft/sec2
im
	Incidence angle, deg (based on equivalent circular arc
for stators)
J	 Mechanical equivalent of heat, 778 ft-lb/Btu
m	 Mass floe parameter, 
'YgIR M (1 + T— 2	 M
2  1/2 p/P
M Absolute Mach number
P Total pressure, psis
P Static pressure, psia
q Pressure equivalent of the velocity head, psia
R Gas constant for air, 53.3 ft-lbs
^lb-OR
S Blade spacing, in.
s Blade span, in.
T Total temperature, °R
Ts Static temperature, °R
t Blade maximum thickness, in.
U Rotor speed, ft/sec
V Absolute velocity, ft/sec
W Actual flow rate, lbm/sec
0 Absolute air angle, deg (from axial 'direction)
1' Ratio of specific heats
'Y° Blade -Chord angle, deg
b Ratio of total pressure to NASA standard sea level
pressure of 2116 psf






9	 Ratio of total temperature to NASA standard
sea level temperature of 518.7°R
K	 Blade metal angle, deg (based on equivalent circular arc




Blade camber angle, deg (based on equivalent circular arc
for stator A) or flow coefficient
Pressure rise coefficient
W	 Total pressure loss coefficient
Subscripts
0	 Compressor inlet instrumentation station
1	 Guide vane exit/rotor inlet instrumentation station
2	 Rotor exit/stator inlet instrumentation station
2A	 Stator exit instrumentation station







z	 Axial component Y
8	 Tangential component
Superscripts
'	 Relative rotor blade
Mass average value correctod. to standard inlet conditions
(used for overall and blade: element performance)
Nomenclature used for blade element data tabulation (tables B-2 and B-3)
PCT SPAN Percent span
DIA	 Diameter, inches
BETA	 Absolute air angle, degrees
BETA (PR) Relative air angle, degrees
V	 Absolute velocity, ft/sec
VZ	 Axial component of velocity, ft/sec






V(PR) Rela tLve velocLty, ft /sec
V-THETA PR Tangential component of relative velocity, ft/sec
U Wheel speed, ft/sec
M Absolute Mach number
M(PR) Relative Mach number
TURN AU turning, degrees








The numbers following the nomenclature in
Tables B-2 and B-3 refer to the leading and




















Rotor: p- Rotor-Guide Vane:
	


























im = Ole - Kle
Diffusion Factor:
	
Vte	 dteV9te - dleV®le
T	 Rotor: D	 1 -
 IV, +	 (d•F d ) QV
	
le	 le	 to	 le




(d le+ dte) dr le
Deviation Angle:
6  Ote Kte
Loss Coefficient:
Pfs P1IGV: W = ---_ —
Pfs Po
(po was found from linear interpolation of inner and outer
wall static pressures at Station 0.)
X










1 - ^.	 y-1
lid 1	 2 as
1
yte
P'	 is found from p/P' _ ^1 + y2 M'2, y-1
and M' is calculated using trigonometric functions and the
measurements of U, 0, P. and p.














IGV: TI =	 Sle	 at
P 




	 In Tte To
Yy In (pte/ple)









Overall performance and corrected weight flow for each test point
are presented in table B-1.
SLTO and cruise configuration blade element data for each test point
are presented in tables B-2 and B-3, respectively. The tables are arranged
in the order of increasing rotor speed and increasing corrected flow at
each rotor speed. At 11071. of design rotor speed, blade element performance
for the SLTO configuration near stall data point was not calculated be-
cause of sin overscaled guide vane exit pressure transducer. Definition
of the blade element velocity triangle and performance variables as tab-
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FD 25199Figure C-1. Transducer Signal Diagram
APPENDIX C
METHOD OF DEDUCING ROTATING
STALL CHARACTERISTICS
Three Kistler high-response pressure probes (transducers) located
at Station 2 (figure 6) were used to obtain data for the determination of
rotating stall characteristics. The three transducers were positioned at
the 28.5, 58.5, and 118.5 degree points on the circumference 10% of span
from the outer wall. The 28.5 and 58.5 degree probes and the 58.5 and 118.5
degree probes were spaced 30 and 60 degrees apart, respectively. The trans-
ducer signal traces presented in figure C-1 illustrate the method used to
k
determine the number, rotational speed, and size of rotating stall zones.
The method is predicated on a maximum of twelve stall zones and equal
rotational speed for all zones.
j
In figure C-1:
x = time between any two adjacent stall zones (or the cycle
time of a single stall zone)
i
	
y	 time for one of twelve or less stall zones to move from
the 0-degree probe to the 30-degree probe
z = time between a simultaneous stall zone intercept at the 0-degree




 the circumferential extent of a stall zone
R  • time for one rotor revolution
1360° ' time equivalent of 360 degrees on the transducer signal
trace
The minimum angular spacing of stall zones is obtained from:
30
y/x
Thus, if y = x, the minimum angular spacing would be 30 degrees. With
the angular spacing known for any two adjacent zones, it is possible to
identify the time-equivalent of 360 degrees on the transducer signal
trace. The number of stall zones within this time period is the number
of stall zones present. The rotational speed of the stall zone in terms
of rotor speed is obtained from the ratio
R 
t360°
The extent of the stall zone is:
w
1360°
The third probe can be used to check the number of stall zones when the
minimum spacing is equal to or greater than 60 or 90 degrees. The third
probe also defines the direction of rotation of the stall zones, although
this direction is usually that of the rotor.
144 '
